We will summarize all the QCD sum rule constraints for the properties of vector meson in nuclear medium. §1. Introduction
§1. Introduction
Vector mesons immersed in nuclear medium are expected to change their properties due to partial chiral symmetry restoration and/or many body nuclear effects. Expected changes range from the decrease in the mass, 1), 2) increase in the width, 3)- 7) and appearance of new structures, 8), 9) every aspect of which if measured will lead to a new understanding of strong interaction. Several experiments are reporting preliminary results, 10)-12) which indeed hint to nontrivial changes and new structures appearing at nuclear matter. With further refined experiments and with exclusive measurements of final state particles, the background could be substantially reduced and vector meson kinematics controlled. Then detailed information on the changes of vector meson properties inside nuclear matter can be extracted, which will then serve as a basis for understanding symmetry restoration in QCD, generation of hadron masses, and QCD phase transition. 13) While the prospects of looking directly into the nuclear matter through vector meson seem so exciting, a careful model independent theoretical analysis on the vector meson properties at nuclear matter has to be carried out simultaneously before any conclusion on medium effects can be made. Moreover, model calculations contain parameters determined at kinematical configurations different from that used in calculating vector meson properties in medium. Therefore, it is crucial to introduce QCD constraints that have to be satisfied by any model calculations. In particular, as the properties of vector mesons are revealed through their spectral densities, we will formulate the constrains on them. 
Here nm denotes the nuclear matter expectation value. In general, because the vector current is conserved, the correlation function in Eq. (2 . 1) will have two S. H. Lee invariant functions. 14)
where for q = (ω, q) and medium at rest, we have, P T 00 = P T 0i = P T i0 = 0, P T ij = δ ij − q i q j /q 2 , and P L µν = (q µ q ν /q 2 − g µν − P T µν ). In the limit when q → 0, there is only one invariant function Π L (ω, 0) = Π T (ω, 0). In this talk, we will summarize all the QCD sum rules constraints for both Π L (ω, q) and Π T (ω, q) at finite q.
The starting point is the energy dispersion relation at finite q. For small q 2 < ω 2 , we can make a Taylor expansion of the correlation function such that,
here ρ(u, q) = 1/πImΠ R (u, q), and R denotes the retarded correlation function. As we will discuss below, the left-hand side (ReΠ) is known only to leading order in q 2 , the constrains will be derived for the dispersion relation for
The real part of Eq. (2 . 3) is calculated via the Operator Product Expansion (OPE) at large −ω 2 → ∞ with finite q. The full polarization tensor will have the following form: To linear order in density, the matrix elements are related to the nucleon expectation values of the operator via
where A 0 is the corresponding vacuum expectation value, A N the nucleon expectation value and ρ N the nuclear density.
As in the vacuum, we will truncate our OPE up to dimension 6 operators. This implies that in our OPE in Eq. (2 . 4), we will have contributions from scalar operators and operators with nonzero spins, such as (τ, s) = (2, 2), (2, 4), (4, 2) . The nucleon matrix elements of the τ = 2 operators are well known. The τ = 4 matrix element appearing in the ρ, ω sum rule are similar to those appearing in electron DIS 16) and have been estimated 17), 18) up to about ± 30% uncertainty from available DIS data from CERN and Slac. From looking at ρ(u, 0)
3) separately, we can obtain constraints for the mass, momentum dependence and mixing of the vector meson immersed in nuclear medium. §3. Scalar mass shift and momentum dependence
The original application of the present method was on the scalar part of the spectral density. Assuming factorization of the four quark condensate in the medium in the OPE, and allowing the changes to reside in the threshold, and in the ground state mass only, we found that the vector meson mass should decrease in nuclear matter. 2) Here, the main driving force of the change was the change of the four quark condensate, which also changes by 20-30% in nuclear matter, due to the change of the quark condensate.
One important aspect to be careful about at nuclear medium is the breaking of Lorentz invariance. Since the medium selects a preferred frame, the vector meson peak position in the spectral density could depend on its three momentum. This dependence might smear out possible mass shift in an actual experiment, as the vector meson might come out with varying three momentum. To estimate the magnitude of such momentum dependence, we have estimated the momentum dependence of the peak position. 19) Combining the scalar mass shift with that of the three momentum dependence, we find for the ρ meson,
where q is in the GeV unit and ρ 0 is the nuclear saturation density. −0.023 changes to −0.016 (0.0005) for the ω(φ) meson. Although, we have assumed that the three momentum dependence of the OPE will induce the momentum dependence of the peak position only, it might be that the width might change. This is similar to the case of scalar mass shift, as the changes in the OPE can also be satisfied with a large increase in the width and no mass shift. 20) Whatever the case may be, our result in Eq. (3 . 1) shows that the expected momentum dependence is much smaller than that of the possible scalar mass shift, and will not obstruct the observation of possible mass shift, as long as the three momentum is smaller than 0.5 GeV/c. §4. Constraint for hadronic models
The result in the previous section is obtained by assuming that the spectral density is composed of a pole and a continuum. Therefore, the shift in the mass in nuclear matter suggest that the strength of the spectral density is shifted downwards. Such effect could be calculated in the bottom up approach by a hadronic model calculation. However, not all the couplings used are really determined or tested in the kinematical range relevant for calculating the mass shift for vector meson in nuclear medium. The QCD sum rules for the different parts of the spectral density in Eq. (2 . 3) can be used to constrain the hadronic parameters to calculate the spectral density. The hadronic model calculation by Klingl, Kaiser and Weise 6) was indeed found to satisfy the QCD sum rule constraint for the scalar part of Eq. (2 . 3) .
As a further test, we have investigated the validity of parameters used in the resonance nucleon hole contribution to the rho meson self energy. In particular, from calculating the resonance nucleon hole contribution to ρ(u, 0) 1 L,T in Eq. (2 . 3), we have obtained constrains for the ρ − ∆ − N coupling and for the form factor. 21) §5. Mixing
Another important feature of the vector meson when immersed into the nuclear matter is its coupling to the scalar meson with the same isospin. Therefore, the longitudinal mode of ω meson will couple to σ, and that of ρ to a 0 . The coupling is possible because the nuclear matter expectation value of operators with Lorentz index (spin) can be non vanishing. Therefore, in isospin symmetric nuclear matter, mesons with different spins can couple as long as their parity and isospin are identical. The coupling between the scalar and the vector meson have been extensively studied in the Walecka model in the isospin 0 channel, 22), 23) and in the isospin 1 channel. 24), 25) On the other hand, such mixings have not been extensively studied further in any other model independent way. In this respect, it is important to derive model independent constraints in QCD that can be applied to constrain the phenomenological parameters in any model calculation. Therefore, we have constructed the QCD sum rule for the vector-scalar correlation function and derived a constraint equation for their mixing. 26) One caveat in working with the scalar meson is the heated discussion on its dominant quark content, which could be a tetraquark. 27), 28) In the lattice approaches, most of the calculations using a two quark interpolating field seem to predict the ground state mass of scalar particle in the isospin 1 channel to be above 1.3 GeV, 29)-33) while some predict it to be around 1 GeV. 34), 35) In contrast, most lattice calculations based on a four quark interpolating field current consistently predict the mass to be around 1 GeV for the a 0 31), 36) and around 600 MeV for the σ. 32) Some calculations based on two quark current also give some consistent prediction for σ. 37), 38) So while the lattice calculations seem to favor a tetraquark picture for the scalar, a two quark component is not ruled out. This is in a sense not surprising as the true scalar should have both a two quark and a four quark component, and the real question is what their relative contribution to the total wave function should be.
In the QCD sum rule approach for the scalar meson, a previous work based on a two quark interpolating field, 39) is known to be controversial. 40) This is so because the single instanton configuration is expected to contribute to the correlation functions between the scalar currents or between the pseudo scalar currents, and spoil the respective convergence of the operator product expansion (OPE). In the present analysis, we investigate the correlation function between the scalar and the vector current, where both interpolating fields are composed of a quark and an anti-quark. Thus, the OPE are free from the single instanton contribution and a reliable QCD sum rule analysis will be possible.
Sum rule
To investigate the sum rule, we start from the correlation function between the scalar and vector meson.
where
In the vacuum, the correlation function is zero as there can not be any coupling between the scalar and vector current. However, in nuclear medium Eq. (5 . 1) does not vanish, as the medium provides the necessary four momentum.
The OPE of Eq. (5 . 1) at nuclear matter can be obtained in the standard way. To leading order in coupling, the first non-vanishing operator occurs at dimension 6. Taking the quark operators only, it is given as 2), 15), 19)
for both the isospin 1 and 0 channel. Here, · 0 ( · nm ) denotes the vacuum (nuclear matter) expectation value. We have assumed vacuum saturation to extract the vacuum expectation value of the quark condensates. For a symmetric nuclear matter at rest, the expectation value becomes to leading order in nuclear density, 3) where ρ N , m N are the symmetric nuclear matter density and nucleon mass respectively. Here we have made use of the linear density approximation
Phenomenological side
Consider taking the nuclear matter expectation value of the correlation function in Eq. (5 . 1). Since this correlator vanishes in the vacuum, it is just the nucleon expectation value times the density factor in the linear density approximation. If we saturate the intermediate states by hadronic states, the contribution from the ground states becomes as follows
Here, 
For the isospin 0 channel, we take τ a → 1. Using this, the forward scattering matrix element has the following form:
Substituting Eq. (5 . 7) into Eq. (5 . 4), one finds that Eq. (5 . 4) can be written in the following form,
For the nucleon at rest, the tensor part combined with the nucleon expectation value is proportional to q 2 . This means that the vector scalar coupling vanishes when q → 0. The sum rule constraint is obtained from identifying the Π phen in Eq. (5 . 8) to the corresponding OPE in Eq. (5 . 2). In the limit where q = (ω, 0, 0, 0), we find the following sum rule.
, (5 . 9) where contributions from excited meson states were neglected. The first term on the right-hand side of Eq. (5 . 9) represents the contribution from the vector coupling in Eq. (5 . 6), while the second that from the tensor coupling. It should be noted that since we have calculated only the leading term of the OPE, the QCD sum rule will constrain only one parameter in the phenomenological side.
For the ω − σ coupling, we neglect the contribution from the tensor coupling. After Borel transformation, and using the hadronic parameters given in Table I , we find that f σ is only about 12% of that of the pion; 1 2 0|qiγ 5 τ 0 q|π 0 = 0.13 GeV 2 calculated in the soft pion limit.
For the ρ − a 0 coupling, we assume that the phenomenological coupling is dominated by the tensor coupling. Then, using values in Table I , we again find that f a 0 at about 20 % of the corresponding pion value. The results in both the isospin 1 and 0 channel fits very well to the picture that the scalar nonet is mainly a tetraquark and has a very small quark anti-quark component. Moreover, we have shown that a consistent picture emerges from the QCD sum rule analysis where there is a nontrivial coupling between the scalar and the vector in the nuclear medium, whose strength can be reliably estimated with previously determined coupling constants. Therefore, such corrections should always be included in estimating the scalar contribution to the dilepton spectrum from heavy ion collision. 24), 25) §6. Summary
With recent heavy ion collisions and experiments on nuclear targets, detailed information on the properties of hadrons immersed in nuclear matter are becoming available. While the prospects of looking directly into nuclear matter seems so exciting, care should be taken to interpret the data in a model independent way. We have summarized the QCD sum rule constraints for vector meson spectral density in nuclear medium, and demonstrated how they can be used to constrain the model calculations so that the valuable observations on medium effects are not hidden away by incorrect model explanations.
